The Kuchyňa tuff is found on the Eastern margin of the Vienna Basin and was formed by felsic volcanism. The Ar/Ar single grain sanidine method was applied and resulted in an age of 15.23 ± 0.04 Ma, which can be interpreted as the age of the eruption. The obtained numerical age is in accordance with the subtropical climate inferred by the presence of fossil leaves that originated in an evergreen broadleaved forest. Furthermore, the described volcanism was connected with the syn-rift stage of the back-arc Pannonian Basin system. The sedimentological data from the underlying sandy mudstones indicate alluvial environment what confirms terrestrial conditions during deposition. Moreover, the tuff deposition probably occurred shortly before the Badenian transgression of the Central Paratethys Sea.
Introduction
The analyzed Kuchyňa tuff (Šimon et al. 2009 ) was found during geological mapping of Cenozoic sediments in the Vienna Basin (Lat: 48.396428°, Lon: 17.164325°; Fig. 1 ). The outcrop is localized in a wall of a deep scour and it is the only known tuff section in this region. The total thickness of the tuff was estimated as 30 cm (Fordinál et al. 2010 ). This tuff was originally described as fine-grained and composed of plagioclase, biotite, quartz, orthopyroxene, apatite, ilmenite and titanomagnetite together with vesiculated rhyolitic vitroclasts in clay matrix (Šimon et al. 2009 ). The tuff also contains fossil leaf imprints, determined as Daphnogene polymorpha, Juglans sp., Dicotylophyllum sp., ?Salix varians, ?Ampelopsis sp., ?Quercus sp. and Lauraceae indet. (Fordinál et al. 2010) .
The recent excavations concentrated on this unique tuff, with the ambition to extract additional information about the extent of the middle Miocene volcanic activity in the Carpathian-Pannonian Region. The main aim of this paper is to provide radiometric age data using the 40 Ar/ 39 Ar and fission track (FT) methods supplemented by paleobotanical data. Such age data in combination with information about chemical composition should enable a better understanding of the tectono-sedimentary evolution of the Vienna Basin. In addition, the age of the Kuchyňa tuff will allow stratigraphic calibration of the determined paleoecological conditions. Moreover, the tuff will serve as a chronostratigraphical marker within the NW Pannonian Basin system.
Geological setting
The study area extends in the Kuchyňa highland at the boundary between the Vienna Basin and the Malé Karpaty Mountains (Western Carpathian mountain range). The geological structure of the Malé Karpaty Mts. is divided into several tectonic units of Paleozoic to Mezozoic age. In the study area only Mesozoic sedimentary units are present ( Fig. 1 ; Polák et al. 2012; Fordinál et al. 2012a ). The Vienna Basin started its evolution in the early Miocene as a piggy back basin and later (middle and late Miocene) evolved into a forearc basin (Kováč 2000; Vass 2002; Fordinál et al. 2012a) . The Miocene infill of the Vienna Basin in the study area is assigned to the Devínska Nová Ves Fm. (Fordinál et al. 2012a ; Fig. 1 ). This formation is represented by breccias and conglomerates, rusty coloured to spotty clays, coaly clays, lignite beds, non-calcareous sands and tuffs. The Devínska Nová Ves Fm. is either of middle Badenian age (late Langhian; Fordinál et al. 2010 Fordinál et al. , 2012a , or of early Badenian age (Langhian) sense Kováč et al. (2007 Kováč et al. ( , 2018  Fig. 1 ). The paleoenvironment was described as terrestrial, alluvial to deltaic (Fordinál et al. 2010 (Fordinál et al. , 2012a Polák et al. 2012 ). The formation is rarely overlain by conglomerates, gravels and mudstones of late Badenian age (Studienka Fm.; Fordinál et al. 2012a) .
The middle Miocene volcanic fields in this region are connected to the rifting of back-arc basins in the north part of the Panonian Basin system (e.g. Kováč 2000; Konečný et al. 2002b ). The nearest volcanic centres are buried in the neighbouring Danube Basin (e.g., Hrušecký 1999; Kronome et al. 2014; Rybár et al. 2016 ). These centres were not dated radiometrically, except for the Rusovce volcanic centre, which was dated to 16.2 ± 0.5 Ma (Kantor 1987 ) by using the whole rock K/Ar method. All of these centres are overlain by Badenian sediments (Miháliková 1962; Gaža 1966; Bondarenková 1980; Rybár et al. 2016) , except for the Pásztori volcanic centre which is of middle to late Miocene age (Harangi et al. 1995) . Moreover in the north-western part of the Danube Basin, several tuff horizons were dated biostratigraphically to the early Badenian (NN5; Rybár et al. 2016; Csibri et al. 2018) . To the East, in the Central Slovak Volcanic field , the volcanic activity starts with numerous volcanic centres located in shallow water conditions (Neresnica, Vinica fms.). Their radiometric dating varies from 16.5-16 Ma (Konečný in Konečný et al. 1998) to 15 Ma (Chernyshev et al. 2013) . The activity continued with evolution of volcanoes and stratovolcanoes (Konečný et al. 1998) . The nearest exposed volcanic centre in the vicinity is the Štiavnica stratovolcano, which was active from ~15 to 11 Ma not counting the alkali basalt volcanism (Chernyshev et al. 2013) . Within the exposed volcanic centres the Börzsöny and Visegrád Mts. have to be mentioned, since they were active from 16.5 to 13.5 Ma (Karátson et al. 2000 (Karátson et al. , 2007 . In the Vienna Basin volcanic centres are missing, and only rare tuff horizons were described at the base of the Jakubov Fm. (Sant et al. in press) .
Methods

Sedimentology and paleobotany
The outcrop was manually excavated to expose the full section in the forest scour. To provide more insight, the section was cleaned by palette knifes and brushes. The lithofacies abbreviations were modified from Németh & Martin (2007) and Miall (2006) . Leaves were described using the current terminology published by Ash et al. (1999) and Ellis et al. (2009) .
Petrology and chemistry
For grain-size analysis thin sections were used, and grain dimensions were measured by metric scale. Measurements of fine vitroclasts were not possible due to alteration. Therefore only grains above 0.25 mm were labelled and their percen tage was determined by image analysis using QuickPHOTO-MICRO 3.1 (Comenius University in Bratislava). Image analysis of macro samples was used for determination of the lapilly content. Mineral composition was analyzed under polarizing microscope and under the Cameca SX 100 microprobe (State Geological Institute of Dionýz Štúr). Minerals were measured using WDS analysis with accelerating voltage 15 keV, probe current 20 nA with a beam width of 10 µm. The beam width of 2 µm was used on microlitic minerals in lithoclasts. All vitroclasts were measured under 2 conditions: probe current 3 nA (Na, K, Si) and 10 nA (other elements) for elimination of mobile element loss. Raw analyses were recalculated to weight percent of oxide using the ZAF correction. Other minerals were determined by EDAX analyses. Four whole rocks samples were selected from different levels of the section (Fig. 2 ). Samples were send to Bureau Veritas mine ral laboratories (Canada, Vancouver). Samples were pulverized and prepared for analysis by Lithium Borate Fusion. Major elements were analyzed by ICP-ES, and trace elements by ICP-MS. X-ray analysis was performed by using the Bruker D8 Advance (Earth Science Institute of SAS), with measurement parameters: CuKα radiation generated by 40 kV and 40 mA, iris: 0.3°-6 mm-0.2062°, primary and secondary Sollers iris: 2.5°; step: ≈ 0.02 °2θ; time/step: 1.25 and 0.8 s, interval: 2-65 °2θ. Diffracted radiation was sensed by a positionally sensitive detector SSD 160 working in 1D regime. Powdered whole rock samples and oriented slides from <2 and <0.2 μm fractions were analyzed. Separation was done according to Jackson (1975) . Oriented slides were analyzed in two states: natural state (Ca form) and following an ethylene glycol saturation (8 hours at 60 °C).
40
Ar / 39 Ar dating
Approximately a 2 kg ash sample was processed at the Mineral Separation facility of the Earth Sciences Department at the VU University Amsterdam to separate sanidine and biotite from the Kuchyňa tuff for 40 Ar/ 39 Ar dating. First, the sample was crushed into ~1 cm 3 pieces, disintegrated in a diluted calgon solution with a Robot Coupe blixer 4 v.v., treated in an ultrasonic bath, and wet sieved into a fraction between 150 and 500 μm. K-feldspar (sanidine) grains were isolated from the 2.54-2.59 g/cm 3 density fraction (using di-iodomethane) and further purified by using magnetic separation over the Frantz isodynamic separator and cleaned by a 10 minute ultrasonic HNO 3 bath (subsequently rinsed with distilled water). The most transparent, inclusion free sanidine grains from the 250-500 μm fraction were handpicked under an optical microscope. Biotite was extracted from the density fraction >3.00 g/cm 3 and cleaned in an ultrasonic bath. The thickest, most angular hexagonal biotite crystals without visible inclusions were handpicked under an optical microscope in the 200-400 μm fraction.
The selected mineral separates were packed in 6 mm ID AI packages, loaded together with Fish Canyon Tuff sanidine (FCs) standards in 25 mm ID Al cups and irradiated at the Oregon State University TRIGA reactor in the cadmium shielded CLICIT facility for 18 hours (irradiation code VU107). 40 Ar/ 39 Ar analyses were then carried out at the geochronology laboratory of the VU University, Amsterdam, on an ARGUS VI + noble gas mass spectrometer.
Single grain fusions were performed on 17 sanidine grains and 5 biotite grains in June 2017. Ages are calculated with Min et al. (2000) decay constants, atmospheric air value 298.56 (Lee et al. 2006 ) and 28.201± 0.022 Ma for FCs (Kuiper et al. 2008) . The correction factors for neutron interference reactions are (2.64 ± 0.02)×10 -4 for ( 36 Ar/ 37 Ar) Ca , (6.73 ± 0.04)×10 -4 for ( 39 Ar/ 37 Ar) Ca , (1.21 ± 0.003)×10 -2 for ( 38 Ar/ 39 Ar) K and (8.6 ± 0.7)×10 -4 for ( 40 Ar/ 39 Ar) K . Data analysis and age calculations were performed in ArArCalc software (Koppers 2002) . All errors are quoted at the 2σ level and include all analytical errors. All relevant analytical data for age calculations can be found in the online supplementary material.
FT dating
A 5 kg rock sample was crushed and sieved (<315 μm). Apatite and zircon mineral concentrates were produced using the Wilfley table, a Frantz magnetic separator and conventional heavy liquid methods. Handpicking under an optical microscope was the final stage for apatite and zircon separation to provide pure concentrates. Final sample preparation and analysis of fission track (FT) samples was carried out at the University of Innsbruck. Mineral separates were mounted in epoxy resin (apatite) and PFA®Teflon (zircon) was ground, and polished with a series of polishing papers going from 1200, 1000, 9, 6 and 3 μm to provide a clear surface. Apatites for age determination were etched for 40 seconds at 21 °C with 6.5 % nitric acid; zircon mounts 3-6 h at 235 °C in a NaOH-KOH eutectic melt to reveal spontaneous tracks (Fleischer & Price 1964) . Two U-free muscovite detectors were sealed against the polished and etched surfaces (external detector method; Gleadow & Duddy 1981) .
For irradiation the samples were sent to the FRM II research reactor in Garching, Germany. Two dosimeter glasses of known uranium content, CN1 (for zircon) and CN5 (for apatite), were included to determine the neutron flux during irradiation (Hurford & Green 1983) . After irradiation, the external mica detectors of samples and dosimeter glasses were etched in 40 % hydrofluoric acid at 21 °C for 40 minutes. Tracks in apatites, zircons, and mica detectors were counted using a Zeiss Axio Imager A1m microscope equipped with an AUTOSCAN stage (analyst: M. Reiser). FT ages were determined using the Zeta calibration approach (Hurford & Green 1983) , with ζ = 318 ± 27 for apatite (dosimeter glass CN-5) and ζ = 130 ± 10 for zircon (CN-1 dosimeter). They are reported as central ages (Galbraith & Laslett 1993 ) with a 1σ error. FT etch-pit diameters (Dpar) were measured to estimate the compositional influence on fission-track annealing (Carlson et al. 1999) . Ages were calculated using the TRACKKEY program, version 4.2.g (Dunkl 2002) . A central age is given for samples that pass the Chi-square test (P > 5 % ; Galbraith 1981) . The partial annealing zone for apatite FT (APAZ) ranges from 60 to 120 °C (e.g., Green et al. 1986; Green & Duddy 1989; Gallagher et al. 1998 ) with a mean effective closure temperature of 110 ±10°C (Gleadow & Duddy 1981) . For the interpretation of zircon FT data, this study used a zircon partial annealing zone (ZPAZ) between 200 and 300 °C (cf. Tagami & O'Sullivan 2005) .
Results
Sedimentology
The Kuchyňa section starts with thinly laminated or massive, muddy sandstones of pale brown to yellow colour (Figs. 2, 3) . No signs of traction transport were observed. The content of rhizoids and wood fragments is high, but leaves are not present in this level. Moreover, no marine, brackish or fresh water macrofauna was found. Foraminifers and calcareous nanofossils are also absent and the sediments show no signs of bioturbation. A brick-red to brown coloured, ~ 8 cm thick clay layer is present on top of the sandy mudstones ( Fig. 3f ). above an angular contact between the muddy sandstones and tuffs is observed. The muddy sandstones show an average strike of 216° and dip of 78° and the overlying tuff layers display an average strike of 267° and dip of 36.5°.
The total tuff thickness reaches ~ 97 cm which is more than the formerly measured 30 cm (Šimon et al. 2009 ). The tuff is overlain by recent soil and by deluvial muddy conglomerate, so the total thickness of this tuff might probably be even larger. Spherical weathering (exfoliation) has been observed. In a few cases the tuff is cut by fissures filled with reddish mudstone. These discontinuities seem to be almost perpendicular to the bedding planes. A specific feature of the Kuchyňa tuff is the high abundance of leaves and wood fragments, which are more than 12.5 cm long.
The tuff consists of at least eight discontinuous parallel beds with no interbeds of non-volcanic material. Due to the poor preservation and high degree of fragmentation, description of structures is difficult. The thickness of the individual tuff beds ranges from 5 to 20 cm. The lowermost tuff bed contains two visibly graded intervals (1-2 cm thick), which range from coarse to medium grained ash based on visually observed grain size characteristics. Rare accretionary lapilli have been observed. The second bed shows gradation and abundant leaves. The bed starts with coarse grained ash and passes to fine grained ash. The following beds are composed of massive medium to fine grained ash with abundant leaves at the lower bed boundary. The leaves also occur within the bed and are often plastically deformed. The next bed yields matrix to clast supported accretionary lapilli ( Fig. 2 n.5; Fig. 3 ). The accretionary lapilli are often poorly recognizable macroscopically, especially in dry samples. They are composed of internally massive ash aggregates with a thin finer-grained outer rim ( Fig. 3a, b, d ). Based on their structure they can be defined as coated ash pellets or accretionary pellets (after Thordarson 2004; modified by Brown et al. 2010 modified by Brown et al. , 2012 . The lapilli are often elliptical in shape and 3-6 mm long (rarely up to 16 mm long; Fig. 3b, d ). They are deformed in the central part of the layer, while the base and top of the bed yield undeformed lapilli. These deformed lapilli highlight a plastic deformation of the bed (Fig. 3d ). The bed is cut by fissures filled with sandy grains. A massive medium to fine grained ash bed follows. The section ends with layers that yield abundant admixture of rounded non-volcanic granule to pebble size clasts and plant fragments ( Fig. 2 n.6-8; Fig. 3c ).
The fossil leave association originally described by Fordinál et al. (2010) is completed by newly discovered species like: Quercus cf. drymeia and Trigonobalanopsis rhamnoides.
Petrography
The Kuchyňa tuff layers can be microscopically described as crystallo-vitroclastic tuff with a little admixture of nonvolcanic lithoclasts. The basal tuff layers contain 8.7-13 % particles above 0.25 mm in size (Table 1) , which mostly consist of pumice fragments. The following layers are composed of fine tuffs (97-99 % of the clasts are smaller than 0.25 mm). About 50 cm above the red clay layer a lapilly tuff with 29-38 % of accretionary lapilli occurs (Fig. 2) . This layer is covered by a fine tuff (97 % of the clasts are under 0.25 mm). In the upper part (85 cm and higher), the fine tuffs contain admixture of ca. 5 % of nonvolcanic lithic clasts, which are often larger than 2 mm in diameter.
Pumice fragments and glass shards are dominant in the tuff composition (Fig. 4) . The vitroclasts can be divided into two types. One type is composed of volcanic glass with rough boun daries. These volcanic glass shards of rhyolitic composition (Table 2, Fig. 5b ) are often vesiculated or Y-shaped and form the majority of the vitroclasts. However, the total sum of oxides is low (92 wt. %; Table 2 ) and indicates alteration. The very fine particles and highly vesiculated pumice fragments were altered into clay minerals. The remaining vitroclasts are less frequent, microlithic and slightly altered ( Fig. 4a-b ). The crystalloclasts are composed of plagioclase, sanidine, biotite, amphibole, quartz and small amounts of pyroxene, apatite, zircon, rutile and rare monazite. Some crystalloclasts with remnants of adhering glass have been found ( Fig. 4a ). Crystalloclasts do not show zonality and their shape is hypidiomorphic with marks of fragmentation in the solid state. Among the feldspars, plagioclase crystalloclasts are dominant and sanidine is less frequent. The chemical composition of plagioclase varies in the range An 37-52 , but a crystalloclast of An 79 was also found (Table 3 , Fig. 6a ). The chemical composition of sanidine crystalloclasts and composition of sanidine crystals with adhering volcanic glass ( Fig. 4a ) varies from Or 62-65 to Or 73-74 (Table 4 , Fig. 6a ). In addition, all sanidine crystalloclasts contain 0.022-0.039 apfu of Ba. Amphibole crystalloclasts are green to brown-green in colour and relatively small. They are pargasite to magnesio-horblende in composition (Table 5 , Fig. 6b ). Long, tabular biotites are annite in composition (Table 5 ). Decay along cleavage planes is documented by thin zones of different colours in the BSE image ( Fig. 4c ). Some biotite crystalloclasts are bent and/or frayed. Beside relatively fresh and large biotites, some altered sagenitic biotite and sagenitic textures have also been observed. However, based on the pre sence of non-volcanic lithoclasts composed of quartz (Qz) and altered biotite (Bt) with sagenite inclusions (Bt para gneiss), these sagenitized biotites are interpreted as non-volcanic in origin. Both orthopyroxene (enstatite) and clinopyroxene (augite) crystalloclasts (Table 5 ) are also present. The rest of adhering microlithic groundmass on the edge of an Opx crystalloclast ( Fig. 4d) is formed by plagioclase with An 63 , Opx and ilmenite. However, opx microliths did not reach the size required for the probe measurement. The volcanic lithoclasts are extremely rare, due to the fine grain size of the tuff.
The non-volcanic lithoclasts without any thermal effect are composed of biotite paragneiss ( Fig. 7a ), cherts/felsites, lowgrade metapelites such as Qz-mica shale/phyllite ( Fig. 7b) , carbonate shale and rare sandstones. The metasediment clasts contain zircon, quartz, albite and mica ( Fig. 4f ). Polycrystalline quartz is also non-volcanic in origin. Given the purpose of the paper, a lithoclast composed of quartz, biotite, monazite and feldspar was also analyzed (Fig. 4e ). The feldspar composition in the lithoclasts is between sanidine and anorthoclase ( Fig. 6a ) and they do not contain Ba (Table 4 ). However, these feldspars are around 15 µm in size and, therefore, could not affect the 40 Ar/ 39 Ar dating (Fig. 4e) .
The Kuchyňa tuff also contains clay minerals as products of alteration of glass. X-ray analysis documented a large portion of amorphous volcanic glass, which is characterized by wide diffusion reflex between 16 to 30 °2θ. In both clay fractions smectite dominates ( Fig. 7c ). Values d(060) =1.4969 Å are characteristic for dioctahedral forms of smectite. The chemical composition of the clays best corresponds to montmorillonite, but the sum of oxide is very low ( Table 2) . Moreover, halloysite was also identified. Powdered, whole rock samples confirmed the presence of smectite, plagioclase, biotite, quartz, crystobalite and ilmentite.
Due to alteration, the whole rock chemical composition is influenced by alkali loss. So it must be interpreted carefully mainly in regard to the major oxides. Based on whole rock analyses, the Kuchyňa tuff belongs to the calc-alkaline series of the peraluminous type. The Zr/Y ratio (7.5-10.3; Table 2 ) also indicates affinity to the calc-alkaline series (Barret & MacLean 1994) . Based on the TAS diagram (Le Bas et al. 1986 ) the tuff is rhyolite to dacite in composition ( Fig. 5b , Table 2 ). However, a high content of volatile components (LOI 13.9-9.3 %) and alteration to clay mineral excludes the use of the TAS diagram. Samples are displayed in a classification diagram based on trace elements (Pearce 1996; Fig. 5a ) in the trachyte to rhyolite/dacite field. The CIPW calculation (Table 6) (Table 2) , depletion in P, Nb, Ta, Ti and enrichment in Pb (Fig. 5e, f) . The Eu anomaly of 0.59 indicates plagioclase fractionation during magma evolution. The LREE/HREE ratio indicates a possible garnet fractionation.
40
Ar/ 39 Ar dating results
The majority of single grain fusion feldspar measurements yield high radiogenic 40 Ar values (> 90 % 40 Ar*), and, thus, relatively low amounts of atmospheric 36 Ar, indicating a minimal impact of potential alteration of the dated mineral (ESM. 1). The 37 Ar values are for most samples between 0.3 and 2.2 fA. High 37 Ar values reflect high Ca-content pointing to plagioclase instead of sanidine (K-feldspar). Plagioclase can result in lower quality age determinations than sanidine because of its low K content. Incorporation of excess argon will have large effects on the measurements and may result in overestimated ages (McDougall & Harrison 1999 Ar >90 % and 37 Ar <1.5 fA are considered for the age determination. These generally yield the highest measured values of 40 Ar. The weighted mean age (assumed to be the age of the volcanic eruption) is based on the youngest grains that define a plateau and the data are included as long as the mean weighted standard deviation (MWSD) is < statistical T-test at a confidence level of p5 %. The mean weighted age is 15.23 ± 0.04 Ma (n = 3; Fig. 8 ). The full range of the reliable sanidine grains is 15.22 ± 0.02 Ma to 15.40 ± 0.01 Ma.
The small set (n = 5) of single grain biotite measurements is characterized by low 40 Ar* values, pointing to alteration for most of the samples. Moreover, they generally yielded lower beam intensities (< 90 fA) of 40 Ar than the Kuchyna tuff, so the results are less precise. The most reliable biotite analysis (067_VU107) with 40 Ar* of 74 % yields an age of 15.05 ± 0.12 Ma, and might be close to the eruption age ( Fig. 8) .
FT results
The measured apatite grains are predominantly tabular and prismatic crystals or crystal fragments. D par (average etch pit diameter) measurements indicate a fluorine dominated apatite composition (D par < 2.0 µm). Presence of fluorapatite was also confirmed by the microprobe (Table 5 ). However, no correlation between age and composition has been observed. Based on mesurement of 24 grains an age of 14.5 ± 2.8 Ma was obtained (Table 7) . It should be noted that several grains exhibit very low track densities (average Ns < 2 per grain). After including these grains in the calculation the resulting ages will be younger (12.1 ± 2.3 Ma; Table 7 ). Zircon FT analyses based on 15 grains yields a central age of 13.7 ± 1.2 Ma (Table 7) . Controversially to their respective closure temperatures, the zircon age is younger than the apatite age, but they still overlap within their respective error bars.
Discussion
Age of the Kuchyňa tuff
The juvenile origin of sanidine is documented by the presence of adhering glass on the rim of the crystalloclasts (Fig. 4a) Konečný et al. 1995 Konečný et al. , 1998 Chernyshev et al. 2013 ; Danube Basin -Šarinová (personal data from tuffs occurring within the NN5 zone). a - Pearce (1996) 2012a ; Polák et al. 2012) or to the early Badenian sense Kováč et al. (2007 Kováč et al. ( , 2018 ; Fig. 1c ).
The results of AFT data are put in question due to the presence of apatites with no tracks (Table 7) . If the age value gained from apatites without tracks is excluded, the AFT indicates an age of 14.5 ± 2.8 Ma. This is roughly consistent with the sanidine age data, taking into account the error bars. However, zircon FT analyses yielded an age of 13.7 ± 1.2 Ma which is younger than the 40 Ar/ 39 Ar sanidine age. The younger zircon age cannot be interpreted as a later thermal overprint because the closing temperature for zircon FT is higher than the closing temperature for apatite FT and sanidine. The small number of the measured zircon grains may account for the larger errors in the results.
These results are not fully compatible. But, if the sanidine is really juvenile, the Ar/Ar single grain age data are prioritized. Additionally, a tuffite horizon overlaid by the Jakubov Fm.
(younger than 14.6 Ma based on Orbulina suturalis) was found in the Bernhardsthal-4 well, in the NE Vienna Basin (Sant et al. in press) . Based on Ar/Ar dating of biotite, the tuf fite from Bernhardsthal-4 well yields an age range of ~15-16 Ma, what is in accordance with the age of the Kuchyňa tuff. Other supporting argument for the middle Miocene age is the occurrence of Trigonobalanopsis rhamnoides. Since Trigono balanopsis rhamnoides is absent in the late Miocene of the northern parts of the Paratethys region (Kovar-Eder & Hably 2006) , the presence of the taxon indicates a close relation to the early and middle Miocene plant record in the Paratethys realm. The tuff age points to the fact that the Badenian transgression did not reach the area sooner than around 15 Ma, what is in accordance with the general setting for this region (e.g., Sant et al. 2017) .
Depositional setting
Based on the floral assemblages determined by Fordinál et al. (2010) ripa rian forests and coastal swamps is indicated by azonal vegetation (e.g. Salix). The preserved root trace fossils in the under lying sandy mudstones, as well as the high content of leaves within the tuff, confirms that the area was overgrown by land plants before the tuff deposition. The presence of elliptical ash accretionary pellets indicated syn-depositional deformation from a wet landing or gliding. Consequently, post-depositional deformation under the load of the overlying sediments is out of question. Wet landing is typical for fall deposits in terrestrial environment (e.g., Brown et al. 2010 Brown et al. , 2012 Eaton & Wilson 2013) . This is consistent with the original interpretation of the Kuchyňa tuff as an ash-fall deposit (Šimon et al. 2009 ) and with the assumed terrestrial environment of the Devínska Nová Ves Fm. (Fordinál et al. 2010 (Fordinál et al. , 2012a Polák et al. 2012) . However, deformation of ash pellets (Fig. 3d) can be also linked with gliding of the tuff in a plastic state. Sliding of wet, freshly deposited tuff is supported by various deformations of fossil leaves inside the ash layers. Some movement can also be interpreted based on the angular discontinuity between the underlying muddy sandstones and the tuffs (Fig. 2) . The overall tilt of the layers may be caused by a nearby normal fault that was active before deposition of the tuff.
The admixture of nonvolcanic, rounded granule to pebble size clasts in the upper part of the tuff indicate rainwash conditions, which caused some reworking at the end of the process. Since the ~ 30 cm thick upper part is reworked (epiclastic) the total thickness needs to be reduced to ~ 70 cm. The non-volcanic admixture is only partially compatible with Devínska Nová Ves Fm. conglomerates (Vass et al. 1988; Fordinál et al. 2010 ) and documents surface exposure of the biotite paragneisses in the vicinity.
Origin of the tuff
Due to the poor outcropping conditions and high level of fracturing of the section it is very difficult to interpret the original bedding features. The presence of an original bedding plane is supported by leaf accumulation at the base of some beds. The fact that the tuff does not contain any interlayer of non-volcanic material points to a deposit which originated from a single eruption event. Detected grain size variation indicates decrease in intensity of volcanic activity during this time. The clast supported accretionary lapilli bed (n.5, Fig. 2 ) and graded intervals indicate ash-fall. Large, complexly layered accretionary lapilli or fractured aggregates typical for pyro clastic density flows (e.g., Brown et al. 2010 Brown et al. , 2012 Eaton & Wilson 2013) have not been observed. Additionally, the presence of ash pellets (accretionary lapilli) points to wet conditions within the eruption cloud. This can be caused by phreatomagmatic eruptions or by presence of rain moisture. However, phreatomagmatic eruptions, caused by contact of magma and water saturated sediments, typically generate accidental clasts (clast of surrounding sediments; White 1996; Németh & Martin 2007) and in the Kuchyňa tuff, the portion of accidental clasts is very low, and nonvolcanic clasts are metamorphic in origin (gneisses). Therefore, based on the thickness together with the ash-fall origin, and composition (dominance glass shards and one layer of clast supported lapilli tuff), the Kuchyňa tuff was most likely derived from a Plinian type (phreato-Plinian) eruption. In this case, formation of ash pellets was probably caused by presence of rain clouds typical for the determined subtropical humid climate.
A relative proximity to the volcanic centre can also be deduced from grain size of accretionary pellets that are more than 5 mm in diameter. This usually indicates deposition in a radius of 10s of km from the source (Brown et al. 2012) .
Only in the case of extremely large eruptions can the pellets be deposited at a distance larger than 100 km. The characterization of the parental magma is difficult, because the Kuchyňa tuff contains high proportions of slightly altered volcanic glass and its actual composition is also influenced by segregation during transportation and deposition. The monocrystalline quartz, plagioclase, sanidine, non-altered biotite, amphibole and vitroclasts of the first type (microlithe free) can be considered juvenile. The crystalloclasts of Px and basic plagioclase (An 79 ) together with microlithic glass can be sourced from the magma chamber or may have been incorporated during explosions, from older volcanic rocks. Based on the results of chemical analyses, presence of sanidine crystalloclasts and based on plagioclase composition (An 37-52 ), the Kuchyňa tuff can be diagnosed as high-K calk-alkaline rhyodacite (Fig. 5) . Higher LREE content, depletion in P, Nb, Ta, Ti and enrichment in Pb (Fig. 5e, f) is typical for subduction related magmas (Bailey 1981) . The K 2 O-Rb ratio as well as the values of Rb, Ba, Pb, La, Zr, Hf, K/La, La/Y, Zr/Y, Hf/Yb, Ni/Co, Sc/Ni (Table 2) show affinity to the Andean arc type volcanism (thick continental margins; Bailey 1981) . These signatures are typical for the Western Segment of the Carpathian-Pannonian region (e.g., Konečný et al. 1995 Konečný et al. , 1998 Konečný et al. , 2002 Karátson et al. 2000 Karátson et al. , 2007 Seghedi et al. 2004) , where volcanic activity in the Badenian is linked with subduction related back-arc extension, for example, with the syn-rift stage of the Pannonian Basin system (e.g., Seghedi et al. 2004; Kováč et al. 2007) . In this case, subduction-induced, mantle-derived magmas were affected by long-term fluid and sediment contamination as well as by mixing of crustal melts with mantle-derived magmas (Seghedi et al. 2004; Harangi & Lenkey 2007) . Based on these facts, the origin of the Kuchyňa tuff must be somewhere within the Western segment of the Pannonian Basin System.
If the source area really is in the Western segment of the Pannonian Basins, the Kuchyňa tuff must have been transport from the East towards the West. This is in accordance with findings of Lukács et al. (2018) from the Bükkalja Volcanic Field. Moreover, similar interpretations about the Pannonian source (based on the 143 Nd/ 144 Nd ratio) which indicates East to West transport of silicic tuffs (16.1-14.5 Ma), comes from the Upper Freshwater Molasse in Germany (Rocholl et al. 2008; Aziz et al. 2010 ). Locock (2014) . Composition of pyroxene was calculated based on 6 oxygens. Content of Fe 3+ was calculated from stechiometry after Droop (1987) . Biotite was normalized to a 22 cation charges after Rieder et al. (1998) . Apatite was calculated based on 26 anions. 
Source of the Kuchyňa Tuff
In general, the Badenian or younger silicic volcanism was focused further south in the Pannonian Basin (e.g., Pécskay et al. 2006; Lexa et al. 2010 ). The comparison of the different ages of the volcanic activity is often complicated due to the variation in quality of the dating methods. However, some radiometric ages have been refined in the recent years by U/Pb and Ar/Ar dating (e.g., Lukács et al. 2018) .
The deposition of the Kuchyňa tuff is relatively synchronous with a large caldera-forming eruption in the Bükkalja Volcanic Field (Lukács et al. 2018) . This volcanic event produced high amounts of ignimbrites and tuffs, which were marked as the Demjén Unit. The Demjén Unit forms a key stratigraphic horizon in the Pannonian Basin with an age of 14.88 ± 0.014 Ma (Lukács et al. 2018 ). This unit is formed by a high-K dacite-rhyodacite ignimbrite, ash flow and fall deposits composed of plagioclase, biotite, amphibole, ± quartz. This is relatively consistent with the composition of the Kuchyňa tuff. However, the Demjén Unit has a well characterized trace element pattern with depleted heavy rare earth elements and no pronounced negative Eu-anomaly (Eu/Eu*= 0.8-0.9; Lukács et al. 2018; Fig. 5 ). The Kuchyňa tuff, on the other hand, displays an Eu-anomaly of 0.59 (Table 2 , which questions their connection. Another significant horizon is the Dej tuff (Transylvanian Basin), which was dated to On the other hand, the source area of the Kuchyňa tuff may be found in the nearby Börzsöny-Pilis-Visegrád volcanic field or in the Central Slovakian volcanic field (after Lexa et al. 2010 ). In the time of Kuchyňa tuff deposition, the Börzsöny-Pilis-Visegrád sub-region was much closer to the juvenile Danube and Vienna basins and also to the Carpathian Foredeep (e.g., Kováč 2000; Kováč et al. 2017; Fig. 9) . In this region dacitic and andesitic volcanism with a similar age range is present and three small-scale caldera forming events were described (Karátson et al. 2000 (Karátson et al. , 2007 Fig. 5 ). But around 15 Ma, andesitic activity dominated, which again questions the connection with Kuchyňa tuff. However, this area remains one of the best candidates for the source of the Kuchyňa tuff.
Activity of the Central Slovak volcanic field starts in shallow water condition (Vinica, Nerestnica fms.). These deposits of a freatomagmatic eruption were previously dated to ~16.4-15.9 Ma (Konečný in Konečný et al. 1988 ) but were recently redated to 15 Ma (Chernyshev et al. 2013 ). However, these volcanic and volcanoclastic rocks (tuffs) are mainly amphibole andesite in composition (amphibole, plagioclase, ± pyroxene, garnet, quartz, biotite), which excludes connection with the Kuchyňa tuff (Fig. 5 ). Some rhyodacite tuffs occur below the Vinica formation, but these ranked to the early Miocene (Konečný et al. 1998) . In this region, volcanic activity continues with formation of andesitic volcanos and stratovolcanoes (Konečný et al. 1995; Lexa et al. 2010) . Rhyolitic volcanism in the Central Slovak volcanic field (Jastrabá and Strelníky fms.), as well as rhyolitic volcanism in the southern part of East Slovakia can be excluded due to their mostly Sarmatian (late Serravallian) age 13-11 Ma (e.g., Pécskay et al. 2002 Pécskay et al. , 2006 Demko 2010; Chernyshev et al. 2013) . So, these volcanic fields cannot be connected to the Kuchyňa tuff.
Another potential source is in the neighbouring Danube basin, where buried Badenian volcanic centres are present (Šurany, Kráľová, Rusovce, Trakovice centers; e.g., Hrušecký 1999; Vass 2002; Kronome et al. 2014; Rybár et al. 2016) . But they are also formed by products of biotite-amphibole to pyroxene andesite volcanism (Kantor 1987; Miháliková 1962; Gaža 1966; Rybár et al. 2016) . However, information about composition of these volcanoes comes only from discontinuous well cores, still sourcing from these centres is unlikely, but cannot be fully excluded. Additionally, in the Slovak part Abbreviations are as follows: AP = apatite; ZR = zircon; N grains is the total number of grains counted; N rej represent the number of grains rejected from final age calculation respectively; ρs and ρi (tracks/cm 2 ) are spontaneous and induced track densities respectively; Ns and Ni are the number of spontaneous and induced tracks counted respectively; P(χ2) is the probability obtaining Chi-square (χ 2 ) for n degrees of freedom (where n is the number of crystals minus 1); age represents a central age for samples that pass P(χ 2 ) at 5%, otherwise the mean age is reported (in bold italics); the age is reported with the 1σ standard error (± 1σ); D is dispersion in single grain age (Galbraith and Laslett 1993) ; U is U-content in parts per million; Dpar is average etch pit diameter given with 1σ standard deviation (SD Dpar). . 8. a (Rybár et al. 2016; Csibri et al. 2018; Hudáčková et al. 2018 ). Furthermore, all these Danube Basin tuffs show different trace element associations (Fig. 5) , thus they cannot be associated with the Kuchyňa tuff. Finally, the tuffs in the Western Carpathian Foredeep need to be also considered. Two main phases of felsic tuffs were dated by zircon FT; lower Miocene 20.3 ± 2.4 Ma and middle Miocene 16.2 ± 2.1 Ma (Nehyba 1997; . However, the results of the presented study show that the FT data may be incoherent. Additionally, the lower Miocene tuffs from the south-eastern margin of the Bohemia Massif were refined by 40 Ar/ 39 Ar to 17.23 Ma (Roetzel et al. 2014 ) and the middle Miocene tuffs located on the Czech-Polish boundary (North-Western Car pathian Foredeep Basin) were dated by 40 Ar/ 39 Ar to 14.27 ± 0.03 Ma (Bukowski et al. 2018) . So again connection to the Kuchyňa tuff cannot be confirmed.
Fig
In summary, the Kuchyňa tuff cannot be clearly connected to a particular volcanic centre. However, the Börzsöny-Pilis-Visegrád sub-region and the Demjén unit are the best potential candidates for the source of the Kuchyňa tuff. With regard to other tuff occurrences, the Kuchyňa tuff can only be clearly correlated with the above mentioned tuffite from the Bernhardsthal-4 well, Vienna Basin (Sant et al. in press) .
Conclusions
The deposition of the Kuchyňa tuff took place in terrestrial conditions, short before the onset of the Badenian (Langhian) transgression of the Central Paratethys Sea. Fossil leaves indicate subtropical climate with evergreen broadleaved forests. The studied rhyodacitic, fine grained and lapilly tuffs were Volcanic centers: 1 -Styrian Basin, 2 -Rusovce, 3 -Kráľová, 4 -Trakovice, 5 -Štiavnica stratovolcano, 6 -Vtáčnik, 7 -Javorie, 8 -Čelovce, 9 -Visegrád-Börzsöny-Burda, 10 -Mátra. The image was modified after Kováč (2000) ; Pécskay et al. (2006) and Kováč et al. (2017 Kováč et al. ( , 2018 .
produced by an explosive, possibly Plinian eruption. The Ar/Ar single grain sanidine age of 15.23 ± 0.04 Ma is interpreted as the age of this eruption. The origin of the Kuchyňa tuff can be connected with the syn-rift stage of the Pannonian Basin system and the tuff most likely originated in the northern parts of the basin (Börzsöny-Pilis-Visegrád sub-region) and was transported towards the West.
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